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ABSTRACT

Spin-orbit torque (SOT) induced magnetization switching and SOT modulation by interfacial coupling exhibit good potential in
spintronic devices. In this work, we report the enhancement of damping-like field and SOT efficiency of up to 60% and 23%, respectively,
in perpendicularly magnetized Pt/Co/HfOy heterostructures over a Pt/Co system at an optimal thickness of 2 nm HfO,. The SOT improve-
ment is primarily attributed to the interfacial oxidization of the Co layer, and the strength is tunable via voltage-induced oxygen ion
migration at the Co/HfO, interface. Our measurement reveals that by controlling gate voltages, the Co oxidation can be increased, which
leads to the SOT efficiency enhancement. Our work promotes the SOT enhancement and modulation by oxidation effects for energy-

efficient spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139443

Spin-orbit torque (SOT) has been intensely pursued and devel-
oped in recent years for efficient magnetization switching. Specifically,
spin-orbit torque magnetic random-access memory (SOT-MRAM)
shows good performance with fast access time, low energy consump-
tion, and good endurance."”” SOT is mainly induced by spin-orbit
coupling (SOC) through the spin Hall effect (SHE)” ° or the interfacial
Rashba effect in heavy metal (HM)/ferromagnet (FM) heterostruc-
tures,” injecting spin-polarized electrons from the HM into the adja-
cent FM layer. The local magnetic moment in the FM experiences spin
torque via the angular momentum exchange and undergoes magneti-
zation switching at low energy cost.”” Such a structure allows separate
paths for reading and writing currents, thereby improving the perfor-
mance and endurance of the memory device."’ Various approaches
have been proposed for SOT efficiency enhancement. Thus far,
enhanced SOT efficiency has been achieved by implementing rare-
earth metals,' "' optimizing layer thicknesses,"” and modulating the
HM/FM interface."" ' Research has shown that the magnetic anisot-
ropy of FM layers can be modified via inducing surface charges'”'® or
orbital occupancy'” *' by interfacing with an oxide layer. Aside from
utilizing SOT to reduce energy consumption, voltage-controlled oxy-
gen migration is another technique to reduce the energy barrier for

magnetization switching. The electric-field-driven interfacial oxy-
gen mobility can affect both the SOT strength and sign. The pros-
pect of the combination of SOT and oxygen migration has incited
attempts to use ionic liquid or under elevated temperatures.”” **
However, more research on the oxidation effects at the interfaces
of the voltage-controlled magnetism in FM/oxide systems needs to
be investigated.

In this work, we report the enhancement of the damping-like
field and SOT efficiency of up to 60% and 23%, respectively, in a Pt/
Co system using the HfO, capping layer to form Co oxidation, which
includes a study on the thickness of the HfO, layer. We further verify
this enhanced SOT by applying voltages across the Pt/Co/HfOy struc-
ture, which allows the O*" migration from HfOy to the Co layer.
By using voltage-controlled oxygen ion modulation of interfacial
oxidation, we show that the gate voltage affects not only coercivity
and anisotropy fields but also the SOT efficiency at room
temperature, which is comparable with those reported ionic control
limited effects.”” Moreover, we show the gating effect under specific
gate voltages with a solid HfOy layer rather than using the liquid,”
which is more compatible with an energy-efficient MRAM
architecture.
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A stack structure comprising Pt (5nm)/Co (1.4nm)/HfO,
(turo) was prepared, as well as a control sample, Pt (5nm)/Co
(1.4nm)/Ti (2 nm) without an HfO, (tro =0nm) layer. Note that
the 2 nm Ti capping layer in the control sample stack is intended to
protect the Co layer from oxidation. Both stacks were grown over a
2nm Ti seed layer for better adhesion on a thermally oxidized Si
substrate. All the layers were deposited by using magnetron sputter-
ing at room temperature in an ultra-high vacuum chamber with a
base pressure of 5 x 10~ Torr. The schematic of the thin film stack
is shown in Fig. 1(a). The hysteresis behavior of the films was mea-
sured by using a vibrating sample magnetometer (VSM). Hall cross
devices of 10 x 100 um? were fabricated using electron-beam lithog-
raphy and argon ion milling techniques. Contact pads comprising Ti
(10nm)/Cu (50nm)/Ti (10 nm) were fabricated using a liftoff pro-
cess. The magnetic properties of the devices were electrically charac-
terized by anomalous Hall effect (AHE) measurements. The SOT
efficiency was determined by harmonic Hall voltage measurement
by using a Keithley 6221 AC source and a 7265 dual-phase DSP
lock-in amplifier.”’

Figure 1(b) shows the magnetic hysteresis (M-H,) loops of the
thin films with the HfO, thicknesses varying from 0 to 3.5nm by
sweeping the magnetic field (H,) along the out-of-plane direction. The
hysteresis loops indicate the presence of perpendicular magnetic
anisotropy (PMA). However, the hysteresis loops of the HfO, samples
have a reduced coercivity compared to the control sample as shown in
Fig. 1(c). The saturation magnetization (M) shows a sharp decrease
from 926 =+ 12 (fy0=0nm) to 634 + 6 emu/cm® (fy0 =2 nm) and
remains basically the same after 2 nm thickness of HfOy as shown in
Fig. 1(d). Therefore, the subsequent investigation was performed on
devices with a 2nm HfOy capping layer. Since M; is mainly deter-
mined by the total magnetic moment of the Co layer, it is reasonable

scitation.org/journal/apl

to attribute the lower H, and M; in the HfO, sample to some intrinsic
factors such as interfacial roughness, hybridization at the heavy metal/
ferromagnetic metal interface, and oxidation of the ferromagnetic
layer. Moreover, the reduction of H, and M; in the HfO, sample is also
due to the Co oxidation,”” which is formed via oxygen diffusion into
the Co layer at the Co/HfOy interface.

To support the occurrence of Co oxidation at the Co/HfO,
interface, the magnetic dead layer measurements were performed.
Figure 2(a) demonstrates the downward migration of oxygen to form
CoOy. By quantifying the M; of the films at different Co thicknesses
using the VSM, the magnetic dead layer thicknesses were obtained
from the linear extrapolation of the M; to zero, as shown in Fig. 2(b).
The lower M; of the HfO, sample compared to the control sample
with identical Co thickness indicates more oxidized Co atoms. The Co
interfacing with HfO, has a ~0.45 nm dead layer, while the Co inter-
facing with Ti has a ~0.2nm dead layer. Hence, the results show that
a layer of CoOy is formed when HfO, is deposited onto the Co inter-
face, which will lead to an enhancement of the Rashba effect. In addi-
tion, CoOy is known to be an insulating antiferromagnetic material,
which may affect the SOT efficiency.”

Figure 3(a) shows an optical micrograph of the Hall cross device
of a 10 x 100 um? structure. Figure 3(b) shows the anomalous Hall
resistance Rypg-H, loops of the measured Hall cross devices. The
change of the Rypg (AR pg) is lower in the HfO, sample compared to
the control sample. Subsequently, the first and second harmonic Hall
voltage measurements were carried out by sweeping an external in-
plane magnetic field in two directions: along and transverse to the cur-
rent directions.”"”* The measured harmonic Hall voltages for the Pt/
Co/HfOy sample are shown in Fig. 3(c). My, and Maewn represent the
magnetization directions of the PMA device. Based on the measured
Hall voltage results, the damping-like field is obtained as’’
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where H; and Hr are defined as Hy = (dVZw,xi/de)/(dz Vieox=/
dH,?) and Hrp+ :(dVZw,yi/dHy)/(dz Vlw,yi/dHyz), respectively. ¢ is
the ratio of the planar Hall resistance and anomalous Hall resistance
(Rpre/Rang), determined to be 0.38 and 0.31 in the Pt/Co/HfO, and
control samples, respectively. By fitting the experimental Hall voltage
results under different current densities J,. between 11 x 10'® and
15 x 10" A/m? the corresponding damping-like field (Hpy) in Fig.
3(d) was obtained. The effective damping-like fields of both samples
show good linearity with current density J,., where J,. is the average
current density. By fixing the intercept at zero and linearly fitting Hpy,
vs J. the damping-like effective field efficiency was derived as
ypr=Hpi/Jac. (The fitting details are shown in supplementary

(a) (b)
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material Sec. S1.) For the Pt/Co/HfO, sample, the Hpy, efficiency ypy,
is (8.2 = 0.5) x 1071 0e/(A/m?), 60% higher than the control sample
at (5.1 = 0.9) x 10~ '° Oe/(A/m?). The DL SOT efficiency is defined as
follows:'°
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For the HfO, sample, fé‘;z is 0.224 = 0.014, 23% higher than the con-
trol sample at 0.181 = 0.032. Subsequently, the effects of the enhanced
SOT efficiency on the current-induced magnetization switching
(CIMS) were investigated. The CIMS loops measured by using a series
of DC pulses under an external in-plane magnetic field of *500 Oe
are shown in Figs. 3(e) and 3(f). The pulse current was applied along
the x-direction with a maximum magnitude of 25 mA and a duration
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of 5ms. The average switching current for the Pt/Co/HfO, sample was
14 mA, 14% lower than the control sample at 16 mA. The mechanism
of CIMS involves the nucleation of the domain wall and the depinning
of the domain wall. The switching current is not only related to the
SOT efficiency but also the depinning field of the domain wall. In our
experiments, we observed that the decrease in the switching current by
14% is not consistent with its coercivity change of 30%, which can be
attributed to the natural defects and high pinning field of the Pt/Co/
HfO, sample.

To further understand how interfacial oxidation at the Co/HfO,
interface affects SOT efficiency, devices were fabricated for the
voltage-gated measurement. This was achieved through the deposition
of an additional HfO, with a thickness of 50 nm on top of the Hall
cross structure as the dielectric layer, followed by Ti (10 nm)/Cu
(50 nm)/Ti (10 nm) deposited as a gate electrode. The schematic of the
voltage-gated device and electrical measurement setup is shown in
Fig. 4(a). The electric field between the top electrode and the Co layer
is generated by applying gate voltages Vi, ranging between —4 and
4V. Note that the negative gate voltages form an electric field that

scitation.org/journal/apl

drives O*" migration downwards from the HfOy layer into the Co
1ayer.29 To estimate the electric field effect, the Ry was measured in
the presence of various applied gate voltages, ie., from 0 — —4 — 0
— 4V with the step of 1V. As shown in Fig. 4(b), the Rypg loops
under different gate voltages reveal that H,. decreases by 15%, from
135 to 117 Oe, when applying Vg, from 0 to —4V. However, the
R pg loop remains almost unchanged under the positive gate voltages.
The gate voltage dependence of H, is shown in Fig. 4(c). The change
of the H, is mainly attributed to the change of the d state electron den-
sity of Co.”""° Subsequently, the nonvolatility of the gate effect was
checked by applying a gate voltage of —4 V for 10 min, then switching
off the gate voltage. There was no change in the Rayg vs H, curves
with Ve = —4V and Vgye =0V (=4 V — 0V), which indicated that
the gate effect is nonvolatile (as shown in supplementary material Sec.
S3). Moreover, the anisotropy field Hy with gate voltages was investi-
gated. The H, was calculated from the parabolic fitting of Rapg vs Hy
curve. The normalized Ry can be written as

R}, = %ARZCOS(O), (3)
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where R, is the normalized Hall resistance and AR}, is the maximum
resistance change between the up and down magnetization states.
Hence, the value of AR}, = 2. By utilizing the Maclaurin expansion
and excluding high-order terms, Eq. (3) can be rewritten as

Hy

0 =1-—%.
2H]

Ry =1- (4)

1
2
By fitting the parabolic curve of the first harmonic resistance with the
H, field, we obtained the H;.”” Across the gate voltage range of —4 to
4V, Hy changes by about 10.1%, as shown in Fig. 4(d). The depen-
dence of the SOT efficiency on the applied gate voltages is shown in
Fig. 4(e). Similar to the Ry loop behavior, we observed the Hp; effi-
ciency changing under negative Vg, varying about 7%, but negligible
changes under positive V.. Because the original Co layer has rela-
tively low amount of oxygen atoms, there is negligible oxygen migra-
tion when the positive voltage is applied. Hence, the change in SOT
efficiency is insignificant. Moreover, negligible changes were observed
in the Hy efficiency under Vi, (as shown in supplementary material
Sec. S4). A larger electric field enables more oxygen migration to form
CoO,, which enhances the SOT efficiency. Interfacial orbital hybridi-
zation induced by interfacial oxygen migration results in SOT
enhancement. This modification of SOT efficiency by gate voltages
can also be understood from the enhancement of the spin transpar-
ency of CoO, and the interfacial spin-orbit coupling strength.””

In conclusion, we have experimentally demonstrated the
enhancement of damping-like effective fields and damping-like SOT
efficiency by 60% and 23%, respectively, using the HfO, capping layer
in the Pt/Co system. The oxidization of the Co layer due to an oxide
capping layer leads to an increase in SOT. Additionally, the use of gate
voltages to tune the SOT efficiency by controlling interfacial oxygen
ion migration has been demonstrated. SOT efficiency improves with
increasingly negative gate voltages that drive oxygen ions into the Co
layer but remains almost unchanged under positive gate voltages. This
study unravels interfacial oxidation-based SOT enhancement by
exploiting oxygen ion migration, which is useful in the development of
highly energy-efficient spintronic devices.

See the supplementary material for the effective field-like field
data, the nonvolatility of the gate effect, and anomalous Hall resistance
measurements with different devices.
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